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P. M. Ligrani 
Department of Mechanical Engineering, 69 Li, Naval Postgraduate School, Monterey, CA 93943-5000, USA 
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Abstract. Measurements in the viscous sublayer of a flat-plate 
turbulent boundary layer in air, using single hot-wire sensors with 
lengths from 1-60 viscous length scales show that, at a given 
distance from the surface, the turbulence intensity, flatness factor, 
and skewness factor of the longitudinal velocity fluctuation are 
nearly independent of wire length when the latter is less than 
20-25 times the viscous length scale (i.e. 20-25 "wall units"), 
and decrease significantly and abruptly for larger wire lengths. 
This conclusion is consistent with other workers' probability 
density functions of streak spacing: the lateral spacing of "streaks" 
in the viscous sublayer is 80-100wall units on average with 
minimum spacing of 20-25 wall units, which implies that signals 
would be strongly attenuated by wires whose length exceeds 
20-25 wall units. To achieve wire lengths of less than 20-25 
wall units, subminiature hot wire probes like those described by 
Ligrani and Bradshaw (1987), having lengths as small as 150 ~tm, 
are necessary for sublayer measurements in typical laboratory 
wind tunnels. As well as the measurements mentioned above, 
dissipation spectra are presented, to show the effect of spanwise 
averaging on the high-frequency motions, which is necessarily 
more severe than the effect on overall intensities. 
1 Introduction 
Small-scale motions have many important roles in the 
overall behavior of turbulent shear layers. Dissipation of 
turbulent energy into heat occurs at small scales in all 
parts of the flow, while in the viscous sublayer of a 
turbulent wall layer even the energy-containing motion is 
small enough to be difficult to resolve with conventional 
measurement techniques. In particular, the ejection/sweep 
cycle or "bursting" phenomenon in the viscous sublayer 
(e.g. Kline etal. 1967; Kim etal. 1971; Smith 1984) takes 
place on scales which are of the order of ten times the 
viscous length scale v~ U~ where U~ is the friction velocity, 
and v is the kinematic viscosity. Note that throughout this 
paper we use v/U~ as a length scale: very near the wall, the 
Kolmogorov length scale is 1.5-2.0 v~ U~. 
Clearly, hot wires or other sensors used to measure 
small-scale turbulence must have a sensing length signif- 
icantly less than the smallest wave length to be measured: 
in another paper (Ligrani & Bradshaw 1987) we discuss 
the manufacture and performance of hot wire probes with 
wire lengths as small as one viscous length scale in typical 
low-speed turbulence flows, while in the present paper we 
investigate the spatial resolution of these probes in the 
viscous sublayer, and present longitudinal velocity fluc- 
tuation measurements which are believed to be virtually 
free of spatial resolution effects. 
Previous studies of small-scale turbulence in shear 
layers using hot wire techniques have included several by 
Willmarth's group at the University of  Michigan. Kastri- 
nakis et al. (1975) used multiple hot wires having a typical 
length and spacing of two to three viscous length scales to 
show that the root-mean-square streamwise vorticity 
reaches a maximum at about the same distance from the 
wall at which low-speed streaks begin to oscillate and 
become unstable ( y + =  U~y/v~_ 17 where y - n o r m a l  
distance from surface). Vorticity fluctuations were ob- 
served to be highly intermittent compared to velocity 
fluctuations, with a large kurtosis ("flatness factor") of the 
order of 6 throughout the shear layer. Such vorticity was 
believed to reside in the intense small-scale velocity 
gradients observed later by Willmarth and Bogar (1977). 
In that study, measurements were made using a miniature 
cross-wire having wire length and spacing of about 2.5 
viscous lengths. Even these probes appear to suffer signifi- 
cant spatial resolution effects due to occasional motions 
with length scales smaller than the probe dimensions. In a 
later paper, Willmarth and Sharma (1984) discussed inter- 
mittently-occurring small-scale gradients of the longitu- 
dinal velocity, which they called "small scale shear layers". 
Their length scale was found to be of the same order as 
the viscous length, with velocity gradient magnitudes 
occasionally as large as the mean shear at the wall. These 
results were obtained from pairs of hot-wire sensors with 
length of approximately 0.3 viscous lengths, spaced about 
two viscous lengths apart in the y direction. The small- 
scale shear layers were occasional and intense, and were 
observed most often within the viscous sublayer. 
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The above studies focused on the fluid mechanics of 
small-scale motions, but incidentally indicated the pos- 
sible severity of spatial resolution effects. Several studies 
have also been made of spatial resolution as such, the 
simplest case being the single spanwise hot-wire used to 
measure longitudinal velocity. Signals from such sensors 
represent a (weighted) transverse line average of fluid 
activity. The smallest eddies in any turbulent flow have 
length scales of the order of the Kolmorogov length scale, 
r/, which is as small as one or two viscous lengths in the vis- 
cous sublayer. Willmarth and Bogar suggest that the veloc- 
ity gradients may exist over distances as small as 0.05 q, but 
these seem to be very rare events. However, it certainly 
appears that wire lengths of two viscous lengths or less 
will be required for adequate resolution of sublayer 
turbulence at all wave numbers. 
Up to about 10 years ago, investigations of the spatial 
resolution of hot wire probes were largely theoretical, and 
most were based on assumptions of local isotropy. One of 
the earliest of these is reported by Dryden et al. (1937). 
According to these authors, the ratio of measured to 
actual longitudinal energy is dependent on the ratio of 
wire length I to an integral length scale Lz, obtained from 
integrating the transverse correlation coefficient. Corrsin 
and Kovasznay (1949), and Frenkiel (1949, 1954) provide 
additional analysis and discussion of the Dryden et al. 
work. Frenkiel also considers correlation coefficients, in- 
tegral scales, and microscales in his analysis. Uberoi and 
Kovasznay (1953) derive a relationship between the line- 
averaged, one-dimensional spectrum and the three-dimen- 
sional wave number spectrum. For large wire sensing 
lengths in isotropic turbulence, equations are also given 
relating one-dimensional spectra of the longitudinal veloc- 
ity to "true" spectra free of the effects of finite spatial 
resolution. Wyngaard (1968) later extended this work 
using Pao's (1965) formulation for the "true" spectrum. 
The correction is valid only over wave number regions 
where small-scale motions are isotropic, and is in agree- 
ment with measurements from a curved mixing layer. 
Information is also given pertaining to two sensors in a 
crossed wire array. Wyngaard (1969, 1971) considers the 
spatial resolution of temperature sensors and vorticity 
meters. Bremhorst (1972) gives energy and spectra correc- 
tions for longitudinal velocity and shear stress, determined 
from correlation data. He shows that when the error in 
mean-square intensity is more than 5 percent, spectral 
errors are very severe at high wave numbers. Roberts 
(1973) gives a simple iteration method to correct mea- 
sured one-dimensional spectra and cross-spectra in locally 
isotropic flow. 
In more recent years, a number of investigators have 
studied sensor spatial resolution in the anisotropic flow 
very near walls where spatial resolution effects are most 
acute. All of these studies are based on measurements, 
using various types and lengths of sensors, without reli- 
ance on any particular correlation or spectral formulation. 
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Blackwelder and Haritonidis (1983) showed that sensor 
spatial resolution is important in measurements of the 
mean bursting frequency in the wall layer. After ac- 
counting for the effects of spatial resolution, the mean 
bursting frequency, when scaled with v and U~, was 
found to be constant and independent of Reynolds 
number, in contrast to uncorrected results from other 
sources. Johansson and Alfredsson (1983) provided addi- 
tional confirmation of this, showing that the skewness of 
the time derivative of the longitudinal velocity was very 
sensitive to spatial averaging, because the small-scale 
ejection events (positive v', negative u') are attenuated 
more than the larger-scale sweeps (negative v', positive 
u'): here, u' and v' are velocity fluctuations in the longi- 
tudinal and normal directions, respectively. Derksen and 
Azad (1983) discuss the effects of sensor length on a 
variety of statistical properties in pipe flow at y+=  150, 
including spectral attenuation and fourth moments of 
spectra. Ligrani and Moffat (1986) documented the varia- 
tion of longitudinal turbulence energy and spectra with 
normalized sensor length in the inner regions of a fully- 
rough turbulent boundary layer. Normalized spectra 
showed agreement with Wyngaard's (1968) correction 
curves at a Taylor microscale Reynolds number of 200 
(y+=  261) where the small-scale turbulence is not too far 
from local isotropy. 
Additional discussion and review of spatial averaging 
effects from pressure sensors, as well as hot-wires, is given 
by Smol'yakov and Tkachenko (1983). 
In the present study, single hot-wire sensors, with 
various lengths, l, as small as 50 gin, are employed to 
determine the effect of transverse averaging on turbulence 
measurements in a zero pressure gradient boundary layer 
on a smooth wall. Attention is focussed on the region 
y+ < 40 where the effects of spatial resolution are partic- 
ularly acute and the motion at all scales is highly an- 
isotropic. Assignment of one particular spectral formula- 
tion (e.g., Pao 1965) is inappropriate since correlation 
functions and spectra, which elucidate the effects of spa- 
tial resolution, vary significantly at different near-wall 
locations and Reynolds numbers. The dependence of total 
longitudinal energy u '2 on spatial averaging over trans- 
verse distances ranging from 1-60  viscous lengths 
(50 g in -3  ram) is discussed. With the exception of data 
given at only two l + - l U J r  by Johansson and Alfredsson 
(1983), the dependence of u '2 on / + has never before been 
established with one consistent set of data. It is not even 
certain how small 1 + must be in order to measure u '2 with- 
out significant reductions due to spatial resolution effects. 
Thus, the present results extend other investigators' work, 
offering a more systematic examination of sensor spatial 
resolution. 
Section 2 gives a description of the sensors, and Sect. 3 
gives details on the measurement chain and probe cali- 
bration. Section 4 describes the experimental facilities. 
Section5 gives measurement conditions. Results are 
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presented in Sects. 6 and 7. In Sect. 6, the effects of spatial 
resolution on longitudinal velocity statistical properties is 
addressed, while in Sect. 7, spatial resolution and dissipa- 
tion spectra are considered. 
2 Sensors 
The subminiature hot-wire probes used in the present 
study, along with their development and use, are de- 
scribed by Ligrani and Bradshaw (1987). Details of con- 
struction are given by Ligrani (1984). 
Twenty-one different sensors were employed ranging in 
length from 50 p m - 3  mm. Sensors consisted of 90% 
platinum 10% rhodium wire. Three different diameters of 
wire were used: according to the manufacturer, 0.625 gm, 
1.25 gm, and 5 pm. A schematic of the probes used for the 
d = 0.625 pm sensor is shown in Fig. 1. Here, coordinates 
x, y, and z refer to longitudinal, normal and transverse 
directions, respectively. 
The end conditions of the 1.25 gm and 5.00 gm diam- 
eter sensors were similar to the subminiature d = 0.625 gm 
devices, since sensor length was controlled by adding 
varying amounts of copper plating near the  ends of the 
sensor. The subminiature devices were not easily broken, 
and last indefinitely with moderately careful handling. 
3 Experimental approach 
For all of the tests of the present study, sensors were 
operated at constant overheat ratios between 1.2 and 1.6 
using DISA (now DANTEC) 55DO1 constant-temper- 
ature anemometer circuits. After the anemometer bridge, 
the voltage signal was passed through an amplifier/filter 
unit. Here, the mean portion of the signal was removed 
and separately measured, and the fluctuating portion was 
low-pass filtered and amplified. A frequency-modulated 
analog tape recorder was then used to record the fluctuat- 
ing signal, which was later transcribed to digital tape. 
eroldite epoxy 
0 "~-Sm'~mm " ~  / solder - ~ .5 ~ / pone of 
.... ~ ! i ! # : : i ~  " 
tapered " support prongs 
stainless ~ "--~""--~%---,.,.-. -~.- - ~ , / /  
steel - -  ~ ~-~ 
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plating diameter sensor 
Fig. 1, Schematic  of  subminia ture  hot-wire  sensor (Ligrani & 
Bradshaw 1987) 
With previously measured mean voltages and calibration 
data, hot-wire voltage signals were linearized, and all 
statistical quantities (energy, flatness factors, skewness 
factors, spectra) of the instantaneous longitudinal velocity 
were determined using a CDC 6500 mainframe computer. 
Magnitudes of the rms of longitudinal velocity fluctuation, 
determined from the digitized voltage traces, were in 
agreement, within a few percent, with values determined 
from unlinearized rms meter measurements made of the 
signal leaving the anemometer bridge circuit. 
Mean-flow calibration, rather than dynamic calibra- 
tion, was employed. Calibrations were repeated at least 
twice for each set of profile points. For values of Reynolds 
number Red based on wire diameter d and mean velocity 
greater than 0.07, calibration data for all three wire diam- 
eters showed behavior consistent with the Collis and 
Williams (1959) forced convection heat transfer law. For 
lower Red, sensor heat transfer was the result of mixed con- 
vection. Here, accurate mean measurements were obtained, 
but the dynamic response showed discrepancies and is 
under further investigation. All results presented in this 
paper were obtained when Red > 0.07. 
For all measurements presented here, the surface 
beneath the hot-wires was a mirror, chosen because it was 
flat and smooth with low thermal conductivity. The posi- 
tion of the probe with respect to the surface was deter- 
mined using a method dependent upon linear sublayer 
flow properties. This was checked by using a metal wall, 
probe contact being indicated by closure of an electric 
circuit. 
The smallest distance from the wall in the data which 
follows is 350 t~m or about 560 subminiature probe diam- 
eters. Thus, no corrections for wall proximity were re- 
quired, and no corrections due to the interference of the 
prongs with the flow were required. 
For further discussion of sensor use, qualification and 
response, and for experimental details, the reader is re- 
ferred to Ligrani and Bradshaw (1987). That paper in- 
cludes additional discussion of sensor alignment, mea- 
surement uncertainty, flow blockage effects, drift, mea- 
surement chain details, signal processing details, calibra- 
tion, the traversing device and measurement of probe 
distance from the wall, as well as details on overall sub- 
miniature sensor performance characteristics. 
4 Experimental facilities 
Experimental results were obtained using an Imperial 
College Department of Aeronautics wind tunnel described 
by Bradshaw (1972). It has a two-dimensional 9:1 con- 
traction leading to a 76 c m x  13 cm smooth-wall working 
section which is 3 m in length. The maximum free-stream 
speed Uoo is 30 m/sec and the free-stream turbulence level 
is approximately 0.1 percent. At Uoo=7.3m/sec,  the 
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boundary layer near the downstream end of the tunnel has 
a thickness of about 5 cm. A 90 cm x 90 cm tunnel, de- 
scribed by Hancock (1980), was also employed for a few 
checks on overall procedure and measurement technique. 
5 Measurement conditions 
Except for several measurement points at different free- 
stream velocities, the measurements were made in a 
boundary layer with the following characteristics: free- 
stream velocity U~o = 7.3 m/see, boundary layer thickness 
699  = 46.6 mm, displacement thickness 51 = 7.91 mm, mo- 
mentum thickness 62= 5.63 ram, shape factor H =  1.41, 
momentum thickness Reynolds number Re h = 2,620, skin 
friction coefficient Cf/2 = 0.00165, friction velocity U~= 
0.30m/see, Clauser shape  factor G=7.10,  and viscous 
length scale v/U~ = 50 gin. 
6 Effects of spatial resolution on longitudinal 
velocity statistical properties 
Results giving an indication of the effect of spatial averag- 
ing in the spanwise direction are presented in Fig. 2. Here 
normalized u '2 are given as measured using five sensors 
of 5 gm diameter and different lengths, and one sub- 
miniature sensor of 0.625 gm diameter and 160 gm length. 
For d =  5 gm, the profile having the highest u '2 was mea- 
sured with a wire 0.8 mm long, l /d= 160 and /+= 16 
(extent of spanwise averaging = 16 viscous lengths). Of  the 
profiles presented, this one is also the closest to the 
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"correct" subminiature result. When sensor lengths are 
greater ( l+= 34, 60) or less ( l+= 7.0, 12), magnitudes of 
u '2 are lower for y + <  200. In the latter two cases, the 
wires were so short that their length to diameter ratio was 
200 or less, and frequency response was reduced as a result 
of conduction from the wires to the support stubs (see 
Ligrani & Bradshaw 1987). When l+=  34 and 60, magni- 
tudes of total longitudinal energy are lower because 
signals from fluctuating motions having spanwise length- 
scales smaller than the sensor length are seriously at- 
tenuated. These four lowest profiles show significant 
differences from the subminiature result, which could 
be considered to be errors if such measurements were 
erroneously believed to include all the energy in the 
turbulence spectra. A closer look at Fig. 2 also shows that 
the character of individual profiles and amount of re- 
sponse reduction changes at different boundary layer loca- 
tions depending on whether support-stub conduction or 
"eddy-averaging" is most affecting sensor response. Here, 
the mean profile was measured with the subminiature 
sensor and seems to be acceptably accurate down to 
y + =  3-5 .  
In order to determine how the longitudinal turbulence 
energy is affected by spatial averaging, the peak value of 
V u,VU~ (strictly, the value o f y  += 17 _ 0.5) was mea- 
sured with sensors having different lengths. 
Magnitudes of ]/u;,  2 , the peak value of longitudinal 
turbulence intensity, are shown in Fig. 3 normalized with 
respect to the freestream velocity. These quantities are 
shown as they vary with normalized sensor length I + and 
diameter d +. Each symbol represents a measurement ob- 
tained with one of 21 different sensors all at v/U~ = 50 pro, 
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energy profiles measured using sensors having 
different spanwise extends and different diam- 
eters 
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~-  ~- ~-  A- G-, correspond to spectra in 
Fig. 10 
with the exception of  eight points obtained using d =  
0.625 gm sensors at viscous length scales different from 
50 gm. 
The shapes of  the top and right hand portions of  the 
v~ Uoo = 50 ~tm curves in Fig. 3 are a result of  variations of  
the ratio of wire length to eddy size, represented by the 
abscissa l +. On the right-hand side of  the "plateaus",  data 
points collapse on the same curve regardless of  viscous 
length scale or non-dimensional  wire diameter,  d +. The 
decrease of  1/ u'2/Uoo with increasing non-dimensional  
sensing length l + is due to the greater amount  of  "eddy- 
averaging" which occurs as the spatial-resolution of  sen- 
sors becomes less, and becomes rather rapid in the present 
flow when sensor length is greater than 1.0 mm,  which 
corresponds to about  20 viscous length scales or l/y > 1.1. 
Such behavior  results since hot-wire sensors act as spatial 
filters with a gradual  low-pass cut-off  which is dependent  
on sensor length. As a simple example,  if  the cut-off were 
abrupt at a length scale exactly equal to sensor length, 
then results on the right-hand side of  Fig. 3 would 
indicate energy levels over different ranges of  length 
scale: the energy existing between length scales IT and l~ 
would then equal the difference between u '2 measured 
using two sensors having these respective non-dimensional  
lengths. 
In the range 25 < l + <  45, reductions of  u~ 2 due to 
spatial averaging may  be presented by the empirical  
equation 
(,+/-°" 
This equation is strictly valid only at y + =  17, but  may  be 
a useful guide throughout  the sublayer. It is valid only for 
wires with large enough l/d to avoid the end-conduction 
effects that produce the discrepancies on the left-hand 
side of  Fig. 3. a It is shown in Fig. 3 using 0.108 for 
(uV~m2/Uo~) the normalized turbulence intensity for a '  
1+= 25, while 1/ U'm2/U~ represents results measured at 
other / +. 
When 2.5 < I + < 20 -25 ,  ]/ U'm2/Uo~ increases slightly 
as l + decreases at given d +. Overall, V u'~2/u~ varies 
about  _+ 4 percent about  the mean over this l + range. 
Maximum values are measured when •+=3.28 and 
a The left-hand portions of curves in Figs. 3 and 4 show decreas- 
ing ] /~U~o as I + decreases due to conduction from sensors to 
supports, which occurs when l/d < 200 (see Ligrani & Brad- 
shaw 1987). Discussion which follows refers to the top and 
right-hand portions of curves in these figures, where I/d > 200. 
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Johansson and Alfredsson (1983) 
/+= 4.47, which gives some evidence that the h!ghest 
(most accurate) u '2 are measured using the smallest 
possible sensor length with l/d = 200-300. For the mini- 
mum d + of the present study, 0.0124, l/d of 200 implies / + 
about 2.5. 
The relatively small g~u~ changes for l+<  20-25 in- 
dicate that the minimum spanwise extent of energy-con- 
taining eddies is 2 0 -  25 viscous lengths at y+ = 17. 
Results in Fig. 3 are shown again in Fig. 4, where they 
are compared with results from other studies. In Fig. 4, all 
horizontal and vertical scales apply to the present data for 
v/Uo~ = 50 ~tm. Data from Hussain and Reynolds (1975), 
Eckelmann (1974), Kreplin and Eckelmann (1979), Karls- 
son (1980), Purtell etal. (1981), and Johansson and 
Alfredsson (1982, 1983) are also shown in ~ U ~  versus 
l + coordinates: the other ordinate and abscissa scales do 
not apply to these data. Other workers' data points represent 
the maximum longitudinal turbulence intensity measured at 
or near y + =  17. They are . the same as given in Fig. 7 of 
Johansson and Alfredsson (1983) and were all obtained in 
boundary layer and channel flow using constant temper- 
ature anemometry. With the exception of Karlsson's 
(1980) data, these results show remarkable agreement with 
those of the present study. This verifies that many dif- 
ferences observed between different investigations are due 
to varying amounts of spanwise spatial filtering from 
sensors. The agreement also provides validation of 
uV~u~ variations with l + shown, especially for l + < 35. 
In Fig. 8 of their paper, Blackwelder and Haritonidis 
(1983) show bursting frequency data for y+=  15 in coor- 
dinates o f f  + - fv /U] versus l +, where f is the bursting 
frequency. They show that when plotted in logarithmic 
coordiantes, f+  is "essentially constant for all sensors 
having a lengthscale less than 20v/U~". The bursting 
frequency data then show an abrupt drop in magnitude as 
the spanwise extent of sensors exceeds 20 viscous lengths. 
Non-dimensional bursting frequencies from the present 
study show a similar trend, lying 10-30% lower than the 
results of Blackwelder and Haritonidis (1983). Although 
the change i n f  + near l + = 20-25 is much greater than the 
change in intensity on a percentage basis, the same mech- 
anism is probably responsible for both. Lee et al. (1974), 
Oldaker and Tiederman (1977), and Smith and Metzler 
(1983) give probability distributions of the non-dimen- 
sional spanwise streak spacing. These distributions showed 
continuously varying spacings with minimum values al- 
ways approximately 20-25 viscous lengths. These results 
were obtained at y+ values ranging from 1-30  over a 
range of Reynolds numbers. Thus, as Blackwelder and 
Haritonidis (1983) point out, "sensors having lengths 
greater than 20 v/U~ would be larger than some of the 
streaks". Johansson and Alfredsson (1983) concluded that 
spatial averaging over spanwise distance less than about 
30 viscous lengths occurs mostly in ejection-type motions 
rather than sweeps. Thus, variations of u '2 which occur as 
l + approaches 20-25 are probably from structures which 
developed from streaks and other streak-related events, in 
addition to the streaks themselves. 
Our measurements of skewness factors and flatness 
factors with sensors spanning 3.3, 3.5, 4.4, and 8.6 viscous 
lengths are shown as functions of y+ in Figs. 5 and 6, 
respectively. Within the scatter of the data in each figure, 
these profiles are the same. These data are compared with 
results from Johansson and Alfredsson (1983) for l+= 14 
and /+= 32, showing agreement with the former, notably 
for 7 < y+ < 30 where the effects of spatial averaging are 
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regions. Uoo = 7.23 m/s, v/U~ = 50.3 pro, Re~, = 2,620 and U~o = 
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5.77 m/s, v/U, = 62.4 gm, Re& = 2,140 data 
particularly significant. The difference between their pro- 
files for l + -- 14 and for l + = 32, suggests that a wire length 
o f  (very roughly) 2 0 - 2 5  viscous length scales may be a 
limiting value for measuring flatness factor and skewness 
factor as well as energy. Confirmation is provided in 
Fig. 7, where u '4 and u'4/U~ are shown as determined 
from measurements at y÷ = 17 in our boundary layer with 
R %  = 2,620, Uoo = 7.23 m/sec. As for the ]/u~2/Uo~ - re- 
sults, u '4 shows an abrupt drop in magnitude as l ÷ 
becomes greater than 20-25 .  u '3 plotted in the same way 
did not show a consistent trend within data scatter, which 
is not surprising since u '3 is very nearly equal to zero at 
the peak in u '2 a t y + =  17. Derksen and Azad (1983) show 
that flatness and skewness of  u and du/dt  do not have 
significant variation with wire length, but  they do not 
indicate the range o f  l+. 
Probability density functions of  the longitudinal veloc- 
ity P ( u / U , )  a t y + =  17 are shown in Fig. 8 for 1 + = 3.3, 24, 
and 34. Here, u denotes instantaneous longitudinal veloc- 
ity, equal to U + u ' .  These density functions were esti- 
mated over abscissa intervals spaced 0.4 ] / u  '2 apart from 
u 
% (m4/84 ] 
4 
U r u 
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Fig. 7. Dependence of u '4 on sensor length at y+ = 17 in turbu- 
lent boundary layer. R %  = 2,620, v/Uz = 50.3 gin, Uoo = 7.2 m/s 
8 or more seconds of  data sampled at 20kHz. The 
( u -  U ) / I / u  "2 scale applies to all data, whereas the u 
(m/sec) and u/U~ scales apply only to l+=  3.3 results. 
When / + <  20-25 ,  most attenuation with sensor length 
occurs at velocities lower than the local mean velocity. 
However, for larger l ÷, changes with sensor length become 
more significant, occurring at velocities as large as one 
standard deviation greater than the mean. 
In Fig. 9, the variation of  ] /u '2/Uoo and ] /u '2/U~ 
wi th  l ÷ is shown at y+ = 8, 12.5, 17, 20, 30, and 40. As one 
would expect, attenuation at given wire length becomes 
less severe as y increases and the energy-containing eddies 
become larger. The rapid drop in measured l / u  '2 near 
/ + = 2 0 - 2 5 ,  found in the detailed measurements at 
y+ = 17, appears at all y+ less than about 20: this suggests 
that the minimum spanwise seales of  the energy-contain- 
ing turbulence are roughly the same throughout  the 
sublayer. For the three profiles nearest the wall, the 
~ U o o  drop with l + b e c o m e s  more abrupt as y+ 
decreases. Such behavior, is consistent with Smith and 
Metzler's (1983) probability-density histograms of  span- 
wise streak spacing for Re& = 2,030, described using log- 
normal distribution functions. These show a broadening of  
the streak distribution with increased distance from the 
wall, and, as y+ decreases, more abrupt d rops  in proba- 
bility ,magnitude as the ratio of  streak spacing to viscous 
length decreases below 20-25 .  
7 Dissipation spectra and spatial resolution' 
If  one assumes that the .small scale turbulence is isoti'opic 
and that Taylor's " f rozen- f low"approximat ion  is valid, 
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Fig. 8. Probability density functions of 
the longitudinal velocity at y+=  17 for 
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Fig. 9. Dependence of normalized longi- 
tudinal turbulence intensity on dimen- 
sional and non-dimensional wire length 
at different locations relative to the wall 
in boundary layer inner regions• • y+ = 8, 
y+=12.5,  @ y+=17 ,  • y+=20 ,  
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I °g [  k21 fu (kl )(cm/sZ)] then dissipation may be calculated using 
oo 
e= ]5 v~k~f~(k l )dk l .  (2) 
0 
Here, f~ (kl) is the spectral energy per wavenumber such 
that 
oo 
~ L  (k~)  Clkl = u '2 . (3) 
0 
kl is the one-dimensional wavenumber of longitudinai 
component of the three-dimensional wavenumber vector, 
estimated using 2 n n/U, where n is the frequency in Hz 
and U is the local mean velocity. The Kolmogorov length 
scale 
= (F3/8)  1/4 (4) 
can then be obtained. Equations (2) and (4) give only very 
rough estimates of e and ~ at y + =  17 because the 
turbulence is far from isotropic in the sublayer. 
In order to show how the wavenumber portions of 
spectra vary with sensor length, dissipation spectra are 
given in Fig. 10, where k2f,(kl) in cm/sec 2 is shown 
plotted versus k~ in cm -a. These spectra correspond to the 
d += 0.0124 "open" data points in Fig. 3 with small "tick" 
marks on the symbols. Even though the measured 
V u'2/Uoovaries only slightly with I + for / + < 20-25 and 
d +=  0.0124, dissipation spectra show significant changes 
with sensor length. Because of spatial filtering, sensors 
slice off larger portions of the true spectrum, starting at 
the high wavenumber end, as l + increases: sensor lengths 
longer than 20-25 viscous lengthscales affect the energy 
containing portions of wavenumber spectra, whereas 
smaller length sensors do not. For l + near 20-25,  spectra 
show wire-length dependence at frequencies as low as 
40Hz or k l / = 0 . 1 5  (Ligrani & Bradshaw 1987). This 
frequency is equivalent to streamwise wave lengths of 
about 100 mm or about 2,000 viscous lengths, a relatively 
large value consistent with the existence of near-wall 
streaky structures elongated in the longitudinal direction. 
For sensor lengths smaller than 20-25 viscous lengths, 
"eddy-averaging" continues to occur, but only in the dis- 
sipation range of wavenumbers which do not contain 
significant portions of the total longitudinal turbulence 
energy. This is evident from Fig. 10, where dissipation 
spectral peaks increase as sensor length decreases for 
l + > 3.3. The power in the dissipation spectra is insignifi- 
cant at wavenumbers k~ which are smaller than lh/. For 
our measurements conditions at y + =  17, this kl ~/= 1.0 
limit corresponds to kl = 100 cm -~ or kl l =  1.6 for our 
160 ~tm wire. 
Dissipation spectral variations with sensor length are 
further elucidated in Fig. 11, where q is shown, as deter- 
mined from each spectrum using Eqs. (2) and (4). Here, 
the value of q used for abscissa normalization is denoted 0 
and is equal to 100 t~m - the best estimate for our flow 
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Fig. 10. Dissipation spectra of longitudinal velocity fluctuations 
as dependent on sensor length: y+= 17, q= 100gin, v/U~= 
50.3 ~m, U~ = 7.2 m/s, Re h = 2,620. All sensors have 0.625 gm 
diameters.~- B- O- •- o- are corresponding data points in Fig. 3 
particularly as I/0 becomes less than 12-14, which cor- 
responds to l + less than 24-28.  The rate of change of 
dissipation spectra decreases for l/fl < 4; however, it is not 
clear that they have stopped changing, due to the uncer- 
tainty of the measurements and some doubts concerning 
the spectrum from the 220 tim long sensor (see Ligrani & 
Bradshaw 1987). In Fig. 11, the arrow denotes Kolmogorov 
length scales estimated for locally-isotropic turbulence 
with equal rates of production and dissipation. Under 
these conditions, 
q+ = (x y+) 1/4 (5) 
where ~/+ = q UJv and z = 0.41. Magnitudes of  q estimated 
using Eq. (5) are lower than estimated from dissipation 
spectra by about 20%, indicating that the spectra under- 
estimate the dissipation. Note that q depends only on e -1/4 
and is therefore not very sensitive to errors in e. 
8 C o n c l u s i o n s  
Twenty-one different single-hot-wire sensors have been 
used in turbulent boundary layers developing over smooth, 
flat surfaces in order to determine the effects of spanwise 
spatial averaging on the statistical properties of the longi- 
tudinal velocity fluctuations. As the length (spanwise 
extent) of the sensors increases above 20-25  viscous 
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Fig. 11. Variation of Kolmogorov length scale with non-dimen- 
sional sensor length from estimates of dissipation determined 
from integrating spectra shown in Fig. 10. 0 = 100 gm was used to 
normalize l on the abscissa 
skewness factors decrease significantly and abruptly.  This 
is most evident for. 8 < y+ < 17.5, and the change becomes 
l a r g e r  and more  abrup t  as the wall is approached.  Fo r  
l + < 2 0 - 2 5 ,  the measured  intensity changes less than 4%, 
increasing slightly as l ÷ decreases, and flatness and 
skewness factor profiles are the same within da ta  scatter. 
As well as defining the m a x i m u m  sensor length acceptable  
for sub layer  studies, these results show that  compara t ive ly  
few energy-containing motions  have spanwise extends 
much less than 2 0 - 2 5  viscous length scales. This is con- 
sistent with probabi l i ty -dens i ty  histograms from other 
studies (e.g. Smith & Metzler  1983) which show m i n i m u m  
spanwise streak spacing to be about  25 viscous length 
scales. 
At  y + =  17, measured diss ipat ion spectra show signifi- 
cant changes as l + .varies from 14.0 to 3.3, which is 
equivalent  to I/O variat ions from 7.0 to 1.6. This indicates 
the existence of  significant energy in motions  having wave 
lengths only a few t imes the Kolmogorov length scale q 
within these ranges. There  is no posit ive evidence that  
measured spectra would be independent  o f  ,wire length 
even for l ÷ < 3, but  overall  intensity seems to vary slowly 
with l + for l + < 20. 
The results also show significant effects of  conduct ion 
to the supports for l /d  < 200: the final conclusion is that  
adequate ly  accurate results for the mean-square  and 
higher  moments  of  the longi tudinal  velocity fluctuations 
near  the wall can be obta ined  i f  l ÷ --U~ l/v < 20 and 
l /d  > 200, and such results are presented here. 
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Announcement 
Fourth  internat ional  s y m p o s i u m  on app l i ca t ions  o f  laser  a n e m o m e t r y  to f luid m e c h a n i c s ,  
Ju ly  11 - 14,  1988,  L i sbon ,  P o r t u g a l  
The symposium aims to present new methods of laser ane- 
mometry and new results of significance to fluid mechanics ob- 
tained by laser anemometry. It is intended that these results will 
improve present understanding of complex flows, both laminar 
and turbulent, and their implications for the solution of problems 
of fluid mechanics will be emphasized. Contributions to the 
theory and practice of laser anemometry will be presented where 
they facilitate new fluid-mechanic investigations. 
Approximately 18 formal and Open Forum sessions are 
planned. Contributed papers are welcome in the following areas: 
- jets, wakes, and mixing regions 
- boundary layer flows 
- separated flows 
- reacting flows 
- flows with imposed oscillations 
- two phase flows 
- particle sizing 
- developments to optical and electronic instrumentation intend- 
ed to improve accuracy and range of measurements 
- whole field velocimetry 
Paper selection will be based upon a reviewed abstract of not 
less than 500 words which should be typed double spaced and 
state the purpose, results and conclusions of the work with 
supporting figures as appropriate. Four copies of the abstract 
should be submitted to: 
Prof. D. F. G. Durao, Dept. of Mechanical Engineering, Instituto 
Superior T6cnico, Avenida Rovisco Pals, P-1096 Lisbon, Portugal. 
Final date for receipt of abstracts: 
Authors informed concerning acceptance: 
Final date for receipt of eamera-ready 
manuscripts." 
December 16, 1987 
February 26, 1988 
May 13, 1988 
All papers accepted for presentation will be incorporated in a 
Proceedings Volume which will be available at the time of the 
Symposium. It is intended that a bound volume will subsequently 
be published and will contain a selection of extended papers. 
